Abstract. Arch formation in a granular pile is a dynamical process. Staring at a static pile one cannot identify such structures. Indeed, it is necessary to know which grains are in contact, but also to access the whole history of the packing formation to distinguish the contacts which really sustain arches. In a recent article, arch formation has been studied numerically [Arévalo etal.,Phys. Rev. E 74, 021303 (2006)]. Here, we report preliminary results of an experiment which consists of a time-resolved study of arch formation during the deposition of a disk assembly. The whole experiment is horizontally set. A conveyor belt makes it possible to tune the disk deposition-rate and thus to follow entirely the deposition dynamics. We compare our experimental findings to the previously cited numerical study.
INTRODUCTION
Arches are widespread structures one generally encounters in non-sequentially deposited granular systems, where mutual stabilization arises during deposition [1, 2] . Their formation is associated with the creation of voids which decreases the packing fraction [3] but also with the reduction of the number of contacts between grains which determine the mean coordination number of the pile [3, 4] . Arches are found-and play a key rolein the properties of both static and flowing grain assemblies. In a static pile, arches are associated with 'force chains', which support the greatest part of the weight of the pile [5] ; these structures account for sound propagation [6] , heat transfer [7] and electrical conduction [8] inside the material. These stress heterogeneities are also the key ingredient involved in general fragility of granular packings [9, 10] , i.e., its sensitivity to minute perturbations [11, 12] . In the case of dense granular flows, arches are linked to nonlocal rheological properties of the flow [13] , particularly in the vicinity of the jamming transition [14] [15] [16] . This underlines how dynamic the process of formation of arches in granular matter is.
It is essential to access the packing deposition history of a heap to identify which contacts are involved in arch structures. Indeed, a snapshot of the final deposited system provides insufficient information. For instance, in a two-dimensional pile left under gravity, one expects a particle p to be supported by two contacts. Since the mean number of contacts per particle in a 2D pile is above 3, there are many particles with more than one pair of contacts that are able, in principle, to sustain the weight of p. Nonetheless, there is only one pair of contacts that is formed first in the pile history and is responsible for the stability of particle p. Recently, such a process has been investigated numerically and an algorithm has been developed to track contacts while they form in order to identify the supporting pair of each particle and thus to infer the sets of grains that form arches in a 2D pile [17] .
In this work we apply this algorithm to identify arches in a real experimental packing made of disks. Since particle tracking has to be fast enough, we choose to drive the deposition of the disks horizontally by means of a conveyor belt. Its velocity, and thus the disks aggregation rate can be controlled to improve the effective samplingrate of the recording.
EXPERIMENTAL PROCEDURE
The experimental setup (Fig. 1) consists of plexiglass disks (thickness e = 3.1 ± 0.1 mm and diameter d = 1.04 ± 0.01 cm) disposed on a horizontal conveyor belt and initially randomly placed in a very scattered configuration rendering an initial density 0 = 0.17 ± 0.04. As the conveyor belt moves (constant velocity v = 1 cm/s), the disks slowly pack into a wooden frame (width W = 26.5 cm, height H = 43 cm) whose bottom is made of a line of fixed disordered disks. The position of each disk is monitored by means of a Pixelink camera (the shortest time between two images is At = 4 ms). Each disk ap- pears as a light gray-circle on a black background (typical diameter d = 23.0 ± 0.7 pixels). In order to detect the position of the disks at each instant of the deposition and to detect when two of them get into contact the following protocol was considered.
Disk detection
Frames sampled during the whole deposition process are analyzed. An algorithm based on thresholding maxima obtained from the convolution of each frame with a circular pattern is applied to detect circles. The trajectory of each disk is then followed throughout the packing history. The sampling rate is high enough to make sure that each disk moves less than its radius between two snapshots. This makes particle tracking simple and efficient. 
Contact detection
In each image, the neighbors of each disk are identified. For every possible pair of disks (ij) the distance d tj between their centers was measured, if d,,-< d + 8, with 8 = 1 pixel, then the disks i and j are defined as neighbors. Then, the following procedure is used to establish whether a real contact exists between two given neighbors. As shown in Fig. 2 all pixels along the segment that joins the centers of two neighbor disks are considered, and their intensity values are recorded in a vector. A significant drop in the intensity level appears at the center of the vector if between two bright disks the black background is observed, i.e., if the disks under consideration are not in contact. Two disks are defined as in contact if the minimum of curve is above a threshold indicated with the dashed line in Fig. 2 . After eliminating from the list all the non-touching neighbors, a list of pairs of contacting disks is saved for each frame in the film.
Arch detection
We identify arches in the packing by using an algorithm similar to the one used in packings generated by the molecular dynamic-type simulation reported in [17] . First, we identify the two supporting particles of each disk in the packing. Then, we find all mutually stable particles which we define as directly connected. Finally, we find the arches as chains of connected particles. Two disks i and j are mutually stable if/ supports/ and/ supports /. Regardless of the way grains are deposited, they meet with and split up from other grains until they come to rest. While this process takes place, each time a new contact is created we can check if any of the two touching particles may serve to the stability of the other and save this information. Equally, we can update this data when touching grains come apart. Eventually, when all particles have settled, we should find that every particle has two supporting contacts and that no updates take place any longer.
We consider that two particles in contact with the particle / may provide support to it only if the two particles are one at each side of/ and the center of mass of particle / is above the segment that joins the two contacts. For a particle and a wall to support particle / we just need to take into account that the contact between the wall and i has the same vertical-coordinate as /.
RESULTS
In Fig. 3 , we plot the evolution of the mean coordination number (z) while disks are packed in the box and we compare our results with those obtained in two different numerical methods: a realistic molecular dynamic simulation [17] and a pseudodynamic model [18] . In order to relate simulation time (time step) and real time of experiment, abscissa data is normalized by time at which the system final configuration is reached.
Experimental data show that (z) increases as the packing is formed and levels off at (z) = 3.75 ± 0.1; this value is characteristic of disordered packings where a few mutually stabilizing contacts exist. Let us note that the minimum value of (z) attainable in 2D disordered packings is 3, whereas if particles are deposited one at the time, one expect (z) = 4 [19] . It is worth mentioning that measuring (z) by considering a simple proximity criteria results in a very cutoff-sensitive value, whereas the gray level discontinuity criterion described above seems to be rather robust. An example of the arches detected by our algorithm is shown in Fig. 4 ; the segments that join particles denote the disks that belong to the same arch.
In our experiment, before the conveyor belt is switched on, the disks are scattered a rather sparse configuration. The initial density is (j) = 0.17 ± 0.04. For this reason, we compare our results with simulations in which deposition is carried out starting from equally sparse configurations. These configurations are created in the simulation by tapping the system with an effective strength that leads to a scattering of the particles that renders the density as low as 0 ~ 0.17 before the system start settling down.
We now define n(s) as the number of arches per unit particle consisting in s disks (Fig. 5) . We find that the experimental arch size distribution lies in between the pseudodynamic model [18] and the realistic molecular dynamic simulation [17] . We have to keep in mind that in our experiment particles do not deposit under the action of gravity, but due to the constant velocity drag imposed by the conveyor belt. In this respect, the pseudodynamic algorithm conducts the deposition in a similar fashion with particles approaching the bed at an effective constant velocity. More importantly, due to the low velocities used in our setup, disks hardly bounce after contact, which is one of the main characteristics of the pseudodynamic model. Thus, we should expect that the pseudodynamic model may result in a rather realistic representation of the deposition of 2D granular samples at constant velocity. However, from the data set we have obtained until now, it is not clear that this model performs any better than the molecular dynamics of deposition under gravity.
A-A Molecular dynamics o-o Experiment o-n Pseudodynamics FIGURE 5. Arch size distribution n(s). Results averaged (circles) over the three experimental samples analyzed (stars). Squares and triangles correspond to results from the pseudodynamic model [18] and the molecular dynamic-type simulation [17] , respectively. The simulation results were taken from large intensity tapping protocols [3] for which the samples expand during each tap reducing their packing fraction down to ?s 0.17, which corresponds to our experimental initial configuration.
CONCLUSIONS
We have shown that it is possible to perform a timeresolved study of arch formation in a 2D experimental setup. In order to control the speed of deposition we have used a conveyor belt instead of using a gravity-driven deposition. The results obtained agree to some extent with previous estimations based on numerical models. There are several prospective studies now possible with the reported setup and data processing. For example, a study on the dependence of the arch size distribution on the initial density prior to deposition may shed light on the cooperative nature of arches. Moreover, speed of deposition, shape of grains and surface properties can be easily changed to survey their effect on arch formation. Finally, provided that we can improve statistics, we might be able to assess whether the arch size distribution presents a Gaussian decay as suggested by simulated models [17] , or an exponential one as discussed in [20] .
